The use of hydroxyurea to treat sickle cell disease (SCD) has become common in children. A recent National Institutes of Health/National Heart, Lung, and Blood Institute consensus statement concluded that there is strong evidence to support the use of hydroxyurea in adults but that the evidence for efficacy of hydroxyurea for children is not as strong; additional studies were recommended. 1 The recently completed BABY HUG study explored the safety and efficacy of hydroxyurea in infants and toddlers with HbSS and HbS-b 0 thalassemia, with safety being of paramount importance. 2 Susceptibility to infection with encapsulated bacteria, particularly Streptococcus pneumoniae, is well known in SCD, because of defects in splenic function and serum opsonic activity. 3 This susceptibility is most marked early in life, at the age of patients enrolled in the BABY HUG trial (9-18 months at study entry). Older children and adults develop protective antibodies against pneumococcal capsular polysaccharides that compensate in part for the immunologic defects in SCD. Immunizations against encapsulated bacteria and penicillin prophylaxis are mainstays in the prevention of serious infection in SCD. [4] [5] [6] Despite this need for immunizations and the known susceptibility of patients with SCD to infections, remarkably little evidence exists about the effects of hydroxyurea on immune function in people with SCD. Lowering of white blood cell and granulocyte counts by hydroxyurea in adults 7, 8 and children 2, 9, 10 with SCD has been documented, but no studies have reported specific effects on lymphocyte number or immunologic function. Hydroxyurea reversibly inhibits ribonucleotide reductase, leading to cell cycle arrest at the G1-S interface. 11 Because infants and young children are immunologically immature and their primary lymphoid organs must produce large numbers of naive T and B lymphocytes, the effects of hydroxyurea could be greater in this age group than in older children and adults. We hypothesized that hydroxyurea might delay the normal progression from naive to memory T cells, causing a delay in immunologic maturation, with deleterious effects on antibody responses to vaccines.
Chemotherapeutic agents can reduce the initial efficacy of immunizations and pose risks for immunization with live, attenuated viral or bacterial vaccines. [12] [13] [14] In addition, waning vaccinerelated antibody titers have been documented after treatment of childhood leukemia, 15, 16 although this is probably also influenced by the underlying disease and intensity of chemotherapy. Recommendations for patients and physicians regarding hydroxyurea include cautions about vaccine efficacy and safety. The American Cancer Society and other sources of consumer information include SCD as an indication for hydroxyurea but provide warnings about receiving immunizations during or after treatment without physician advice and about the need to avoid people who have recently received certain live vaccines. 17 Despite these concerns, there are no specific recommendations for immunization of children receiving hydroxyurea for SCD.
The BABY HUG trial provided a unique opportunity to explore these issues.
METHODS

Patients and Timing of Samples
This study involved participants in the previously published multicenter, randomized, double-blind, placebocontrolled trial of hydroxyurea in infants and young children with sickle cell anemia, which was conducted from 2003 to 2009. 2 Participants were screened between 7 and 18 months of age and followed for a period of 2 years. Blood was collected for T-cell subsets at entry, age 24 months, and exit. Blood for pneumococcal antibody levels was collected at entry and before and 2 to 8 weeks after administration of the 23-valent pneumococcal polysaccharide vaccine (PPV-23, given at ∼24 months of age) and at study exit. Blood for measles, mumps, and rubella (MMR) antibodies was collected 2 to 10 weeks after the MMR vaccine (at ∼12 months, the usual age for MMR in the United States), at age 24 months, and at study exit. Acute response to MMR vaccine was evaluated for participants who were enrolled before MMR vaccination and had a blood sample within the required time frame after MMR vaccination. This study was approved by institutional review boards at each study site and the coordinating center (Clinical Trials and Surveys Corp) as part of the BABY HUG study. 2 
Samples Available for Analysis
All BABY HUG participants who were randomly assigned to study treatment underwent immunology studies. Different numbers of samples were available for the various tests of immune function (Fig 1 and Fig 1B and Table 1 ). To assess the effect of study treatment on the acute response to the MMR vaccine, we included only participants for whom a blood sample was collected between 2 and 10 weeks after immunization ( Fig 1C and (Fig 1C) .
T-Cell Subsets
Expression of CD45RA (naive) and CD45RO (memory) T-cell subsets was determined by 4-color flow cytometry using the combination CD45RA-FITC/ CD45RO-PE/CD4-PerCPCy5.5/CD8-APC (Becton-Dickinson, San Jose, CA). T-cell subsets were determined by standard methods, using combinations of CD3/4/8 and CD45.
Antibodies to Pneumococcal Polysaccharides
Type-specific antipneumococcal immunoglobulin G (IgG) antibody levels were measured by using an enzymelinked immunosorbent assay, modified from the method of Koskela. 18 Types 26 (6B) and 51 (7F) pneumococcal polysaccharides and C-polysaccharide were from the American Type Culture Collection. All sera were premixed with pneumococcal C-polysaccharide to minimize nonspecific binding. For each serotype, 4 2.5-fold dilutions of serum were prepared; samples were assayed in duplicate. Dilutions of the Food and Drug Administration pneumococcal reference serum lot 89-SF 19 were tested in parallel. We compared patient and reference sera by using a 4-parameter logisticlog function. 20 Levels of protection of $0.35 and $1.0 mg/mL were considered separately.
Antibodies to MMR
IgG antibodies to each virus were measured with commercial enzymelinked immunosorbent assay kits (Bio-Quant, San Diego, CA). Antibody levels were calculated in comparison with a standard reference serum control curve supplied with each kit, using a 4-parameter logistic-log function. 20 Antibody levels of $1.1 index were considered protective.
Statistical Analysis
T-cell subset percentages and logtransformed counts were compared with the 2-sample Student's t test, evaluated at a = .05 significance level for the 2-sided test. Mean percentages and geometric mean counts are presented in Table 2 .
We compared proportions of patients with protective antipneumococcal IgG antibody levels by using Fisher' s exact test, evaluated at a = .05 significance level for the 2-sided test. Median antibody levels are also reported. Separate analyses of antibodies to MMR were performed for participants who received the MMR vaccine before or after the first dose of randomized treatment. We compared proportions of patients with protective antibody levels by using Fisher' s exact test, evaluated at a = .05 significance level for the 2-sided test.
Analysis of covariance with effects of treatment, log-transformed days after treatment, and the interaction effect was used to evaluate log-transformed antibody levels evaluated 2 to 10 weeks after MMR immunization.
RESULTS
T-Cell Subsets
At study entry, there were no significant differences between the hydroxyurea and placebo groups in absolute lymphocyte count or the percentages or absolute numbers of any of the T-lymphocyte subsets (Table 2) . At age 24 months, both groups showed an expected age-related decline in absolute lymphocyte count, but there were statistically significant differences in the absolute lymphocyte number (P = .003), absolute T-cell (CD3) count (P = .040), absolute CD4 count (P = .022), and memory CD4+CD45RO+ count (Fig 2 ; P = .003) between the 2 groups. Similar findings were seen at study exit, with absolute lymphocyte number (P = .012), absolute CD4 count (P = .031), and memory CD4+CD45RO+ count (P , .001) significantly lower in the hydroxyurea group. In addition, there were statistically significant differences in naive and memory CD8 cells, with a higher percentage of naive cells (P = .026), lower percentage of memory cells (P = .031), and lower absolute number of memory cells (P = .008) in the hydroxyurea group. However, none of the lymphocyte counts or subsets were below normal values for similarly aged normal children. 21 
Antibody to Pneumococcal Polysaccharide
We chose to test for IgG antibodies to type 26 because it is included in the T-dependent 7-valent pneumococcal conjugate (PCV-7) vaccine that was administered to all participants before entry and randomization and because there is a booster immunization with the T-independent PPV-23 (Table 3) . For type 51, the geometric mean level of IgG antibody was 1.1 mg/mL. The proportions of participants with a protective antibody level (when defined as either $0.35 mg/mL or $1.0 mg/mL) in the hydroxyurea and placebo groups were not significantly different at entry or at any of the other time points (Fig 3,  Table 3 ). Differences were not seen in the persistence of antibody to the T-dependent serotype 26 polysaccharide/ protein conjugate antigen, to which participants were immunized before enrollment in this trial; the acute booster response to the T-independent serotype 26 polysaccharide in PPV-23; or the T-independent serotype 51 polysaccharide, to which patients were exposed for the first time through PPV-23 at 24 months of age. Furthermore, the pneumococcal antibody levels persisted until study exit, at a mean age of 37.9 months. There was no statistical relationship between the CD3, CD4, or CD4+CD45RO+ numbers and the pneumococcal antibody levels in either the hydroxyurea or placebo group. There were no statistically significant differences in pneumococcal antibody responses between children who had received all of their PCV-7 immunizations on time and those whose immunizations were late, but this conclusion is limited by the small number of subjects who had delayed immunizations.
Antibody to MMR
When the MMR vaccine was administered to participants before randomized treatment, there were no differences between the hydroxyurea and placebo groups in the percentage of participants who were immune to MMR ( We found additional support for a delayed response to measles vaccine by analyzing log-transformed antibody levels measured 2 to 10 weeks after vaccination versus log of time, revealing a significant difference in percentage immune (P = .032) and mean antibody level (P = .010, Fig 4) . The log-log response model for mumps showed no significant treatment difference, and the log-log response model for rubella showed a significant difference in mean antibody level (P = .008) but not in percentage protected. The differences in antibody responses after immunization could not be explained by mean age of participants at immunization or by baseline lymphocyte, CD4, or memory CD4 numbers. The means and distributions of ages of patients in the hydroxyurea and placebo groups for the 2-to 10-week postimmunization group were not significantly different, nor was the number of days after immunization, indicating that the timing of sampling was not responsible for the differences in protective or mean antibody levels.
As shown in Fig 1 A after the first participant and had a mean age of 12.6 months, compared with 14.0 months for participants enrolled earlier (P = .014). Those who did not have pneumococcal or MMR antibody results were comparable in age at MMR vaccination, baseline lymphocyte, CD4, and memory CD4 counts, suggesting that they did not differ significantly from the population tested, except for age.
DISCUSSION
Because BABY HUG was a placebocontrolled trial in infants who started treatment as early as age 9 months of age, it presented a unique opportunity to examine the effects of hydroxyurea on the developing immune system. We hypothesized that hydroxyurea, by virtue of its antiproliferative effects on lymphocytes, might delay the development of the immunologic repertoire during a crucial period of maturation in the young child, leading to impaired responses to immunization and reduced numbers of memory T cells.
We found that hydroxyurea treatment was associated with statistically significant reductions in absolute lymphocyte, CD4 T-cell, and memory CD4 and CD8 T-cell counts compared with the placebo group; however, the percentages and absolute numbers of each of those lymphocyte subsets remained as high as or higher than in healthy controls of a similar age. 21 The delay in transition from naive to memory T cells seen in patients treated with hydroxyurea is consistent with the antiproliferative effects of hydroxyurea, which are caused by inhibition of ribonucleotide reductase and fit the a priori hypothesis of the study. The fact that some effect was observed on vaccinations that are more dependent on T-cell function (MMR) than T-cell independent vaccination (PPV-23) suggests that the effects of hydroxyurea may be more important for T-cell maturation than B-cell maturation. The clinical importance of these findings is not clear. Although the differences are numerically small, the reductions in total lymphocytes and total CD4 cells in the hydroxyurea-treated children suggest that additional studies are warranted in this group and in others who begin hydroxyurea therapy early in life and continue the drug beyond 3 years of age. However, because children with SCD generally have higher lymphocyte counts than controls, 22 it is not clear that the observed reduction in the numbers of total and memory CD4 cells and CD8 memory cells will lead to an increased risk of infection or other deleterious immunologic consequences. In fact, reductions in the number of those cells may indicate a benefit through a decreased inflammatory response. If so, the number of CD4 T cells, the number of CD4 and CD8 memory cells, and the ratio of CD4 memory to naive cells could be biomarkers for a beneficial hydroxyurea effect. The data from the placebo group provide additional detailed normative information about T-cell subset development in African American infants and young children with SCD.
There is controversy about the level of pneumococcal IgG antibody that prevents invasive disease (0.35 mg/mL) 23 and the level measured acutely after immunization that represents a normal antibody response and predicts long-term protection (1.0-1.3 mg/mL). 24 Therefore, we chose to compare the IgG antibody levels and the percentage of subjects reaching levels of 0.35 and Immunization with the T-independent pneumococcal vaccine PPV-23 was not affected by hydroxyurea therapy, suggesting there should be no increased risk for pneumococcal sepsis in infants and children with SCD who are treated with hydroxyurea. Both absolute antibody levels and the proportion of children with levels of pneumococcal antibody likely to be protective against infection were unaffected by hydroxyurea. This was true for a polysaccharide antigen in PCV-7, to which the participants had been previously vaccinated (serotype 6B), as well as one to which they had not been previously vaccinated (serotype 51).
Our results indicate that there was a delay in achieving protective levels of measles antibody among participants in the hydroxyurea group when compared with the placebo group. There were some similar trends for the response to mumps and rubella, but they did not reach statistical significance. The period of this delay can only be estimated, given the nature of the study design, but it appears to be in the range of 30 to 100 days. We were unable to determine whether the delay in antibody response was caused by an effect on B or T cells, because studies measuring T-cell response were not performed. Such experiments would be useful for future investigation. Importantly, antibody levels to all 3 viruses were similar between groups at exit, indicating that effective immunization with live viral vaccines can be achieved despite hydroxyurea therapy, with levels of antibody to the MMR vaccination at 100 days after immunization comparable to the percentage seen in healthy children. 25 However, these results suggest that adherence to currently recommended accelerated immunization schedules for all children (a single dose of vaccine in unimmunized children .6 months old, with reimmunization at age 12 to 15 months and $28 days after the first dose of vaccine) 26 may be especially important for children with SCD treated with hydroxyurea in the face of a local epidemic of measles, mumps, rubella, or other pathogens for which immunization can provide protection from infection or severe disease. In epidemic situations, it may also be reasonable to provide a hydroxyurea holiday around the time of vaccination. It should also be emphasized that the full immunologic effects of starting hydroxyurea treatment earlier in life or prolonging the treatment beyond the age of 3 years are not known. Additional evaluations of CD4 and memory T cells in particular appear to be warranted.
There are several limitations to this study. First, sample sizes, particularly for the measurements of MMR vaccine responses, were small. Because participants at study entry were 9 to 18 months old, many had already received the MMR vaccination before entry and were beyond the window when samples were to be obtained. In addition, only patients with paired samples before and after vaccination were included. Our analyses of patients who were and were not included in the study did not reveal any important demographic or treatment response differences; therefore, we do not believe that the conclusionswere biased. Second, important long-term effects of hydroxyurea could be missed, given the short period of study treatment of each patient (2 years). Third, a fixed dose of 20 mg/kg per day was used in the BABY HUG study, whereas dosing up to 35 mg/kg per day or maximum tolerated dose is commonly used in practice. It is possible that greater effects on the immune system might be seen at these higher doses. Finally, the small number of patients treated with hydroxyurea in the BABY HUG study (96) makes it difficult to exclude low-frequency adverse events and effects.
CONCLUSIONS
Overall, we provide additional evidence for the safety of hydroxyurea in the treatment of infants and children with SCD. Our results showed no significant effects of hydroxyurea on recall or primary antibody response to pneumococcal polysaccharides, providing confirmation 
FIGURE 4
LogacuteantibodylevelstoMMR.Scatterplotsymbolsrepresentlog10(acuteresponseindex/1.1)ofpatientswho started randomized treatment before MMR vaccination. Curvilinear lines represent regression of log10 antibody level versus log10 days after MMR vaccination in model that included randomized treatment and treatment by time effects. Horizontal line represents the protective level of antibody. Plot symbols of patients randomly assigned to hydroxyurea are black diamonds with dashed line. Placebo are gray triangles with unbroken lines. Model treatment mean antibody index and rate difference (difference in slope) results were measles, mean P = .010, rate P = .032; mumps, mean P = .516, rate P = .663; rubella, mean P = .008, rate P = .497.
